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I. INTRODUCTION 


Solar cell arrays constitute the major source of reliable long-term 

power for spacecraft orbiting the earth operating in the near-earth 

environment. The minimization of total mass for such spacecraft 

results in the general requirement for high voltage solar arrays. The 

space plasma environment,^" ^ though, can result in large currents being 

collected by exposed solar cells, with corresponding reductions in 

power output from the array. A protective covering of transparent 

insulation is not a complete solution to the current collection problem, 

due to the expectation of defects, either from the various fabrication 

processes or from collisions with micrometeoroids. 

Early experiments showed that positive electrodes behind pinhole 

openings in insulating sheets could collect electron currents far in 

4 

excess of what would be expected from electrostatic probe theory. 

Subsequent experiments not only verified these large currents, but 

showed a wide range of results, depending on materials, configuration, 

5-8 

and operating conditions used in the tests. 

The major objective of this research is to investigate the phenom- 
enon of unexpectedly large leakage currents collected by small exposed 
areas of high voltage solar arrays operating in the plasma environment 
simulating space. This report covers the progress since the last 
annual report. 9 The results of the last annual report are reviewed 
briefly below, and were restricted to positive biases relative to the 

plasma. 

At the 10 5 /cm 3 plasma density range investigated, the effects of 
surface area surrounding the hole appeared to be limited to roughly 
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1 cm from the hole. Scribing the exposed surface of a polyimide 
(Kapton) insulator reduced the electron current collected by a factor 
of several, as did also the application of a 2 x 2 cm conducting grid 
on the surface of the polyimide. 

The electron current collected was found to generally decrease 
with successive tests. For polyimide insulation, this current decrease 
was associated with a smoothing of the inside of the insulator hole. 

For glass insulation, the current reduction was associated with the 
deposition of an insulating layer on the conductor behind the hole. 

A general conclusion, made from a variety of observations, was 
that the generation of a vapor from the insulation was a major factor 
in the current collection process. 

The research done during the present support period involved only 
one type of insulating material, polyimide (Kapton) . The parameters 
tested were: pinhole area, adhesive type and configuration, temperature, 

polyimide thickness, and the variation of current collection with time. 
Most of the tests involved a positive bias relative to the plasma, but 
some preliminary work was done with negative bias. 
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II. APPARATUS AND PROCEDURE 
R. P. Stillwell 

Vacuum Facility 

The experiments were conducted in a 45 cm diameter bell jar. An 
argon hollow cathode was used as the source of the plasma in the bell 
jar facility. As indicated in Fig. 2-1, the hollow cathode was cen- 
trally located and directed toward the side of the bell jar. The only 
source of argon gas in the bell jar was the flow through the hollow 
cathode. 

The hollow cathode and anode configuration differs from the con- 
figuration previously used. 1 The hollow cathode and anode were mounted 
horizontally so that the conical baffle previously capping the perforated 
anode could be removed in an attempt to increase plasma density without, 
at the same time, permitting a direct flow path of particles from the 
cathode to the sample. (The purpose of the baffle in the vertical 
orientation was to prevent such a direct path.) 

Changing the cathode/anode configuration did not increase the 
plasma density, but did indicate that there was no direct interaction 
between the hollow cathode and sample, as the results did not change 
with configurations. On the other hand, operation with a vertical 
hollow cathode and no baffle did produce results that differed from 
those obtained with a baffle. 

The measurements of the plasma characteristics were taken with a 
spherical Langmuir probe. The measurement techniques are described in 
detail in the previous report. 1 

Solar Array Simulation 

To both control and measure the effects of temperature, a new 

fabricated (see Fig. 2-2) . The sample holder was an 


sample holder was 
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Vacuum 

Chamber 


Fig. 2-1. Sketch of 45-cm vacuum chamber with sample holder 

(simulated solar cell) and hollow cathode for plasma 
generation. 
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Sample 



Connector 



(b) Side View 


Fig. 2-2. Detailed sketch of sample holder (simulated solar cell). 
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aluminum frame containing a brass disc which simulated the solar cell. 
The brass disc (conductor) was insulated from the frame and protected 
from the plasma by a screen covering the aluminum frame. A baffle con- 
structed of sheet metal was later placed over the screen to further 
isolate the interior of the holder. 

The sample (an insulating film of polyimide) was placed between 
two aluminum rims, insulated from the aluminum by teflon film and 
attached with an adhesive to the conductor. A pinhole of known diameter 
was placed in the polyimide film, representing a defect in the insulator 
covering the solar cell. 

A heater and thermocouple were attached to the brass disc. These 
permitted the control and measurement of the conductor temperature. 

Procedure 

The solar cell models were centrally and vertically mounted in the 
evacuated bell jar (see Fig. 2-1). A plasma of the desired density was 
generated and the temperature of the sample was adjusted to the desired 
setting. A slowly increasing voltage was then applied to the conductor 
causing current to be extracted from the plasma through the pinhole in 
the polyimide. The resulting current variation with voltage was 
recorded with a single test typically having a duration of several 
minutes. Langmuir probe traces were taken for measurement of plasma 
properties for each current-voltage test. Test variables included: 
pinhole area, polyimide thickness, temperature, adhesive type, adhesive 
configuration, and voltage polarity. 
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III. EXPERIMENTAL RESULTS 
R. P. Stillwell 

Positive Bias-Electron Collection 
Normalization , The current/voltage data has been normalized by 
dividing the pinhole current by the random current,^ - 



where is the area of conductor exposed by the pinhole, e is the mag- 
nitude of the electronic charge, n is the electron density, k is Boltz- 
mann’s constant, T^ is the electron temperature, and is the electronic 
mass. All values are in SI units, unless otherwise specified. This nor- 
normalization has been successfully used to eliminate scatter in the data 

due to electron density and temperature differences in the plasma environ- 

2 

ments of different tests. 

Correlation factors involving powers of the conductor potential 

were also tried. None of these correlations have, to date, yielded 

results that appear to be physically significant. 

Verification of Experimental Procedure . Tests described in the pre- 
2 

vious annual report were conducted to verify planar probe theory. These 
tests used the same experimental approach, except that a conducting surface 
at approximately ground potential replaced the insulator around the high 
potential conductor. The planar probe theory current-voltage curve, 
assuming a Maxwellian electron temperature, is indicated in Fig. 3-1. 

With an insulator surrounding the high potential conductor, one 
would not, of course, expect exact agreement with planar probe theory. 
Another theory that might be expected to come closer to the use of a 
surrounding insulator is that of spherical probes - also shown in 
Fig. 3-1. When data using an insulator surrounding the high potential 
conductor are examined, though, the currents at a given voltage can be 
factors of 10 higher than either theory (again see Fig. 3-1). 




100 200 300 400 500 600 700 800 

Conductor Potential, V 


Fig. 3-1. Comparison of experimental electron collection data 
with two theories. 
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From Fig, 3-1, then, we conclude that planar and spherical probe 
theories differ by only a factor of several. Further, as mentioned 
above, planar probe theory was experimentally verified using the same 
experimental approach. The large increase in current using a sur- 
rounding insulator thus strongly indicates that the insulator has a 
strong enhancing effect on current collection. 

Effect of Adhesive , Two types of double-sided pressure-sensitive 
adhesive sheets were tested, a low priced commercial brand (Scotch 
Double Stick Tape, by 3M) and a space qualified type (Y966, also by 
3M) . The low priced commercial adhesive was found to have modified 
sticking properties after testing at the higher temperatures, while no 
such change was evident for the space qualified adhesive. Such a 
change in properties for an organic material in a vacuum environment 
is almost always associated with out gassing. The two adhesives should 
thus have given substantially different results, if current collection 
were dependent on outgassing. 

As a further check, these two different adhesives were tested in 

two different configurations. In one configuration the adhesive 

covered the entire conductor, except under the pinhole (Fig. 3-2). In 

2 

the other configuration a 1 cm area near the pinhole was left free of 
adhesive (Fig. 3-3). 

In comparing Figs. 3-2 and 3-3, the adhesive configuration is not 
seen to be important. Also, there is no significant difference between 
the two adhesive types. Although the data are not shown, a test without 
adhesive also gave similar results to those shown in Figs. 3-2 and 3-3. 
(There was more scatter in the data obtained without adhesive, but this 
was believed due to thermal warping of the insulator sheet near the 
hole, causing changes in conductor to insulator distance.) Finally, the 



10 



Fig. 3-2. Effect of adhesive type and conductor temperature on 
electron collection, with adhesive covering entire 
conductor except under pinhole. 



Normalized Pinhole Current, 1/1 
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Fig. 3-3. Effect of adhesive type and conductor temperature on 
electron collection, with adhesive covering entire 
conductor except for 1 cm^ area near pinhole. 
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current collected decreased with an increasing temperature. All of the 
above observations are consistent with thermally generated vapor not 
being important in the electron collection process. 

In the previous annual report it was concluded that the generation 
of vapor was an important part of the process, due to observations of 
both deposition of insulator on the conductor and the large effect of 
surface texture within the hole. It appears clear from these earlier 
tests that some of the insulator can be vaporized by electrom bombard- 
ment. The vapor generated by such bombardment should not be any more 
effective than a thermally generated vapor in augmenting electron col- 
lection. The significance of any vaporization by electron bombardment, 
then, appears to be in the deposition of that vapor on the conductor or 
in the modification of the insulator surface. This conclusion must, 
of course, be restricted to an operating condition with no visible glow 
near the pinhole. Visible glows were observed at higher collection cur- 
rents, and will be discussed in a later section of this report. 

For standardization of tests and better comparability of results, 
all subsequent tests described in this report used the space-qualified 
adhesive (Y966) with the adhesive covering the entire conductor except 
that area exposed by the pinhole. From an ideal viewpoint, it would 
be desirable to have only a conductor and an insulator present - with 
no adhesive between them. There is, however, the practical advantage 
of the adhesive preventing the occasional thermal buckling of the insu- 
lator that took place in its absence, as well as providing better 
thermal contact between insulator and conductor. Also, no adverse 
effect has been identified with the presence of the adhesive. 
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Effect of Temperature . A temperature effect on electron collection 
was noted in the preceding section. This effect will be examined in 
more detail in this section. 

For the tests reported here, the conductor was heated to the 
desired temperature, in vacuum, for at least one hour before the appli- 
cation of high voltage. This procedure avoided the rapid outgassing 
that can accompany the heating of a surface in vacuum, as well as 
assuring thermal equilibrium of the insulator with the conductor. Five 
conductor temperatures were tested, from 27 to 120°C. 

Data obtained at the five conductor temperatures are shown in 
Fig. 3-4. These data show a systematic decrease in collected electron 
current with increasing conductor (and insulator) temperature. The 
temperature variation of collected current is also shown in Fig. 3-5, 
which was obtained by crossplotting the faired curves of Fig. 3-4 for 
constant conductor voltages. The best fits for exponential variation 
of current with temperature are tabulated in Fig. 3-5 and shown graph- 
ically in Fig. 3-6. As shown clearly in Fig. 3-6, the absolute mag- 
nitude of the best fit temperature exponent increases with conductor 
voltage. 

A model for the temperature variation of collected current is 

available from secondary electron emission. For insulators, secondary 

-1/2 5 

electron emission can have a temperature variation of T . With 
the probability of a single secondary electron emission event varying 
as T - ^^, the large negative powers in Fig. 3-6 can be inferred as 
resulting from a number of secondary electron events in series. 

Further, the larger negative powers at higher conductor voltages seem 
t*o indicate that the number of serial secondary electron events 
increases with conductor voltage* 



Normalized Pinhole Current, I/I 


14 



Fig* 3-4. The effect of conductor temperature on electron collection. 


Normalized Pinhole Current, I/I 
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Fig. 3-5. Data of Fig. 3-4 plotted to show the effect of conductor 

temperature at constant conductor voltages. (Symbols shown 
were obtained by cross— plotting. ) 



Power of Temperature for Best Fit 



Conductor Potential, V 


Fig* 3-6. Power of temperature variation for electron current as a 
function of conductor potential. (Symbols shown are best 
fits for the temperature variation* ) 
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The lowering of collected current with roughened insulator surfaces 

2 

that was reported earlier also is in agreement with secondary electron 
emission as a major factor. That is, roughening a surface lowers the 
secondary electron emission coefficient.^ 

From the experimental observations at various conductor tempera- 
tures, then, it appears probable that secondary electron emission from 
insulators plays a major role in the collection of electron currents. 

Further, it appears that at least serial secondary electron events are 

-k 

involved in the conduction of an average electron to the conductor. 

Variation of Current Collection with Time . The data for a single 

configuration are typically obtained over a time of several minutes. It 

has been found that repeated tests showed decreased currents at the same 
2 

voltages. For the polyimide insulation used herein, this decrease in 
collected current could be prevented by roughening the inside of the 
hole in the insulator before testing it. An obvious question, and one 
of interest in space applications, is what happens during prolonged 
operation at a single conductor voltage. 

The data of Fig. 3-7 were obtained at a conductor potential of 
1000 V. The first current measurement gave a value of 700 yA. From the 
usual short tests described elsewhere in this report a current of about 
1500 yA would be expected for the test conditions used. 

It is clear from Fig. 3-7 that the collected current does not 
decrease continuously with time. The current shows instead occasional 


From Fig, 3-1 it should be evident that few electrons can pass from 
the plasma to the conductor without striking the insulator. 
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Fig- 3-7. Variation of electron current collection with collection time. 
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transients of large magnitude, often followed by gradual decreases. 
These results have obvious significance to a spacecraft designer. One 
should expect a wide range of currents through a single hole, with no 
systematic variation with time, at least for the several hour duration 
investigated. 

The polyimide insulator is darkened and beveled near the hole 
during a several hour test, as indicated in Fig. 3-8. The insulator 
sample used for Fig. 3— 8(a) was not the same one that was used for the 
375 min. test (Fig. 3-8(b)), but was quite similar in its initial 
appearance. The blackening and beveling of the sample in Fig. 3-8 (b) 
supports the conclusion that, in time, the insulator is altered by the 
energetic bombardment of electrons. 

Effect of Pinhole Size . Four pinhole diameters were investigated: 
0.35, 0.52, 1.0, and 2.0 mm. This range of diameters gave an area range 
of over 30:1. This investigation also included polyimide thicknesses of 
0.127 and 0.051 mm. 

The data obtained with these different sized holes are presented in 
Figs. 3—9 and 3—10, with the data normalized in the same manner as 
described in the previous annual report. That is, the collected 
electron currents were divided by the electron current that would result 
from random electron arrival at the same electron temperature and 
density, I q . As is evident in these figures, the data show a wide 
spread for the different hole sizes, 

When a wide range of hole size is involved, a better normalization 
appears to be division by the random arrival electron current 



Normalized Pinhole Current, I/I 
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Fig. 3-10. Electron current collection characteristics for a range 
of hole sizes in 0.127 mm thick polyimide, normalized 
by I 
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density, j .* The same data as shown in Figs. 3-9 and 3-10, normalized 

in this manner, are shown in Figs. 3-11 and 3-12. The normalization by 

j clearly gives a better correlation of data for different hole sizes 

than I . 
o 

The better correlation obtained with j results from the fact that 
the current at a given voltage is relatively insensitive to hole area. 
Physically, the quantity 1/j represents the effective plasma area from 
which the random current density will provide the measured current. The 
exposed sample area is 1.44 * 10 -2 m 2 . Most of the values of I/j Q shown 
correspond to areas less than the exposed sample area. 

The plasma conditions under which the data of Figs. 3—9 through 3-12 
were obtained should be emphasized, plasma conditions greatly different 
than those used should not be expected to give the same correlation. 

Effect of Insulator Thickness . The electron current collection 
data shown in Figs. 3-11 and 3-12 are for two different thicknesses of 
the polyimide insulation. But the inclusion of all hole sizes on each 
figure makes it difficult to determine the effect of insulation thick- 
ness. These data are replotted in Fig. 3-13 through 3-16 to show the 
two different insulation thicknesses for a single hole size on each 
figure. 


The numerical value of j is given by 

i = 2.68 x 10 _14 n T 1/2 
J o 6 

where n is plasma density in m ^ and T^ is electron temperature in eV. 
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Fig. 3-11. 


Electron current collection characteristics for a range 
of hole sizes in 0.051 mm thick polyimide, normalized 
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Fig. 3-12. Electron current collection characteristics for a range of 
hole sizes in 0.127 mm thick polyimide, normalized by j Q . 
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Fig. 3-13. Electron current collection characteristics for two 

insulation thicknesses and a hole diameter of 0.35 mm 
normalized by j . 
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Electron current collection characteristics for two 

insulation thicknesses and a hole diameter of 1.0 mm, 

normalized by i . 
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Fig. 3-15. 
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normalized by j . 
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For the insulation thicknesses used, insulation thickness has 
little effect on the electron current collection characteristics. Even 
the curve discontinuities evident in Figs. 3-13 and 3-16 are reproduced 
with the two thicknesses. The cause of these discontinuities is not 
entirely clear, but they are not associated with any large glows of the 
type described in the next section although occasionally small arcs can 
be seen in the pinhole in association with these sudden changes. The 
thickest insulator was still less than half the diameter of the smallest 
holes. It appears likely that thinner insulators would give the same 
results, as long as the insulator was not subject to direct breakdown 
at the applied voltages. If the insulation thickness approached the 
size of the hole diameter, insulation thickness could easily have an 
effect on the current collection characteristics. 

High Current Measurements . Data were also obtained at higher 
current levels, up to 5 mA. Some of these data are shown in Fig. 3-17 
for a 1 mm hole diameter, again normalized by j . 

There are several breaks in the curve, as indicated in Fig. 3-17. 
These breaks are associated with a visible arc in the pinhole. At the 
higher current levels occur ing after these breaks a glow was observed 
near the hole. This glow typically had the shape indicated in Fig. 

3-18. The glow was centered about the pinhole with an arc still 
visible in the pinhole. The glow was also observed to change in 
intensity and extent with increasing current. 

These breaks indicated possible changes in operating modes. 

Similar breaks were also indicated in Figs. 3-13 and 3-16, but no glows 
were visible, perhaps because the currents were a factor of several 


lower . 



Normalized Pinhole Current 
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Fig. 3-17. Electron current collection characteristics extended 
to higher currents, normalized by j . 
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The observation of glows raises some question as to the validity of 
the space simulation. The glows indicate de-excitation of atoms or 
molecules and/or electrons recombining with ionized atoms or molecules. 

If the atoms or molecules involved in the glow are from the insulator 
material, then the same process could be expected in space. If, on the 
other hand, the atoms or molecules were simply ambient background 
neutrals in the vacuum system, then the process would be expected to 
change at the lower neutral pressures found in space. The operating 
pressures herein (typically *2.0 l(f 4 Torr) are low enough that most 
mean free paths exceed vacuum chamber dimensions. It is therefore quite 
possible that the space simulation is valid. But additional tests are 
required to establish this validity at high electron collection cur- 
rents, when glows are visible. 

Negative Bias — Ion Collection 

Normalization . Because ion collection involves different charge 

carriers than electron collection, different normalization procedures 

should be used. The current density of ions arriving at a boundary is 

2 7 

given by the Bohm current density (A/m ) , 


~ 1 Bohm 


n e 


«e /m i > 


1/2 




£ 


A 


more convenient 


form is 


^Bohm 


2.48 x 10 16 n T 


1/2 

e 


with units the same as above, except T & is 


electron temperature in eV. 
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where n is the electron/ion density, e is the electronic charge, k is 

Boltzmann's constant, is the electron temperature, and m. is the ion 

mass. The Bohm current, igg^* is obtained by multiplying the Bohm 

current density by the hole area. These two parameters, i and I 

* J Bohm Bohm 

will be used for normalization. The gas used for the hollow cathode 
(argon) will be assumed for m^. 

Effect of Pinhole Size . Four hole diameters were tested: 2.0, 

2.95, 4.1, and 4.99 mm. The selection of such large hole sizes were 
based largely on the small ion currents collected. Even with these 
large holes the measurements were frequently in the 10~ d A range. 

The ion current collection data for the various hole sizes are 
shown in Figs. 3-19 and 3-20. In Fig. 3-19 the currents are corrected 
by ^Bohm’ with a wide s P read shown for the different hole sizes. When 
the data are corrected by Ig ohm , as shown in Fig. 3-20, this spread is 
greatly reduced. These results show that, unlike positive bias, hole 
area is an important parameter for negative bias and ion current col- 
lection. Also, for the voltage range covered, the ion current collected 
varied nearly linearly with negative voltage. Preliminary tests at 
larger negative voltages than —1000 V have shown large and variable 
current increases. The trends indicated in Figs. 3-19 and 3-20 should 
therefore not be extrapolated beyond the range shown. 

Compar ison with Planar Probe Theory . A comparison is shown in Fig. 

21 between experimental ion current collection and planar probe theory 
(see the Appendix) . The planar probe theory assumes that a grounded 
conductor surrounds the high-voltage circular probe area."* Because an 
insulator replaced the conductor in the experiment, one should look for 
only approximate agreement. 
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Fig. 3-21. Comparison of experimental ion current collection 

characteristics with planar probe theory (parameter b 
is an adjustable parameter of the probe theory - see the 
Appendix) . 
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Hole size was not found to be a significant variable for electron 
5 6 “3 

collection in the 10 - 10 cm density range. As a result, normali- 

zation by random-arrival current density gave better data correlations 
than normalization by random-arrival current. Insulator thickness was 
also not a significant variable, although more affect on operation 
might be expected for thicknesses approaching the magnitude of the hole 
diameter. 

Data were also obtained for ion collection (negative bias) . For 
the 0-1000 V range of negative potential investigated, the results were 
qualitatively consistent with planar probe theory. It is therefore 
concluded that no current enhancing mechanism is necessary to explain 
the experimental results in this range. Preliminary data at more 
negative potentials indicate that conclusions may be different beyond 


-1000 V. 
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V. Appendix 


MONOENERGETIC PLANAR PROBE THEORY 

The probe theory most applicable to ion collection assumes 
monoenergetic energy to the charged particles. The geometry of the 
assumes probe is shown in Fig. A-l. In this theory, the probe potential 
(V ) is referenced to the plasma potential, and the probe is flush with 
a surrounding conductor. In the sample holder, the insulator area 
surrounding the pinhole corresponds to the conductor surrounding the 
planar probe. 

The equation describing the current collection of this planar probe 

. 1 

xs 



where 

V k T e 

- 

m 

A is the pinhole area, n is the electron/ ion density, e is the magnitude 
P 

of the electronic charge, un is the mass of the ion, T g is the electron 
temperature, k is the Boltzmann's constant, and E q is the energy of the 
incoming ion. In this theory, E q is defined by 



Since j 


t for ion collection, then 

J Bohm 
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Fig* A-l 


Geometry of planar probe. 
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E = 8 k T . 
o e 


The parameter b is adjustable and is related to the trajectories of the 
incoming ions. The parameter b can range from 0 to 2. 
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